TiC particles have been synthesized in common straight steels with three different carbon contents by in situ reaction during melting process. Experimental results show that the distribution of TiC particles in the steels containing 0.55 mass%C and 0.8 mass%C is uniform, however, slight segregation of TiC particles has been observed in the steel containing 1.4 mass%C. With the formation of TiC more ferrite precipitates from the steel with 0.55 mass%C, while the TiC formation inhibits the precipitation of secondary cementite in the steel containing 1.4 wt%C. In the present investigation a proper technique of heat treatment has been designed, after which good mechanical properties as well as high wear resistance have been obtained from the steel with TiC additions. However the effect of TiC addition on wear resistance is weakened with the increase of carbon concentration.
Introduction
Titanium carbide is one of the most suitable compounds for applications as reinforcement in metal matrix composites or particle dispersion strengthened materials due to its high hardness, chemical inertness, respectable strength and fracture toughness. Basically, there are two ways to obtain a high volume fraction of TiC particles in an alloy: through melt solidification processing (MMC S ) [1] [2] [3] [4] [5] [6] [7] or via powder metallurgy processing techniques (MMC P ). [8] [9] [10] [11] [12] [13] Additionally, TiC has been incorporated into the surface region of Fe-based alloys through surface remelting and laser cladding. 14) Compared to the conventional MMC P produced by ex situ methods, MMC S eliminates the interface incompatibility between matrix and reinforcement by creating more thermodynamically stable reinforcements based on their nucleation and growth from parent matrix phase. In addition, MMC S is easer to be industrialized with lower in fabrication cost.
In the past decade, investigation has been focused on in situ ceramic particle reinforced aluminum matrix composites due to their potentially low fabrication cost, while less work has been carried out on in situ steel matrix composites, [15] [16] [17] [18] especially, common straight carbon steels.
In this study, TiC particle reinforced common strait carbon steels matrix composites have been fabricated by in situ synthesis. The microstructure, tensile properties as well as wear resistance of the composites with different carbon content have also been systemically studied.
Experimental Procedure
In the present investigation TiC particles were introduced to the steels by adding preformed blocks made from powders of iron, titanium and carbon. The particle size of carbon powder was about 10 um and titanium and iron powders were 90 and 100 um, respectively. The impurities in these powders were less than 1 mass%. To fabricate these perform blocks, titanium, carbon and iron powders were dry mixed and subsequently compacted in a mold with size of 30 Â 30 Â 10 mm. The atomic percent of Ti, C, and Fe in preformed blocks was 50%, 35% and 15%, respectively.
Six alloys were prepared by vacuum-induction melting using two straight carbon steels containing 0.2 and 1.8 mass% of carbon, respectively, as raw materials to adjust the carbon concentration of reactants. The amount of impurities such as Mn, Si, Cu, in these straight steels was about 1.0 mass%. The compositions of the steels prepared are listed in Table 1 . The steels LC, MC, and HC, containing 0.55, 0.80 and 1.4 mass% of carbon, respectively, were the matrix steels without TiC addition. The basic composition of TiC strengthened steels LC # , MC # , and HC # was the same as the matrix steels LC, MC and HC, respectively, but 5 mass% of TiC were added in order to see the effect of TiC on the microstructure and mechanical properties as well as wear resistance of the steels.
For the matrix steels, the melt was normally held at 1620-1680 C for 5 min and top-poured into sand molds. Preformed blocks were introduced to the melt of other three steels and the reaction between titanium and carbon powders occurred as soon as the preformed blocks were added. The products of the reaction, TiC particles were dispersed throughout the melts by electromagnetically induced stirring. After the reaction was completed the melt with TiC particulates was held at 1600 C for eight minutes then poured into sand moulds. The ingots with 50 mm in diameter were hot forged at 1000 C into 15-mm-thick bars, and then hot rolled at 900 C to 2 mm-thick sheets. Tensile specimens with a gage dimension of 18 Â 3:5 Â 1:8 mm were cut by electric spark machining from the hot rolled sheets and tensile tests were conducted using a CSS-2202 test machine at the strain rate of 10 À2 /s. Microstructure of the steels was characterized by optical microscope (OM).
Wear tests were performed in air at room temperature under lubricated sliding conditions on a block-on-ring tester. Grade 20 hydraulic oil with a viscosity of 14:3 Â 10 À5 kg m À1 s À1 was used as the lubricant. The sliding ring with a diameter of 45 mm and a width of 5 mm was made of GCr15 bearing steel (harden to HRC 60). The wide rectangular faces of the block specimens were put in contact with the slider ring. The tests were carried out at a sliding velocity of 0.94 m/s and at constant load levels of 150 N and 1200 m sliding distance. The wear volume loss of the specimens was determined from the geometrical considerations of the groove generated on the block specimens according to the following relation.
Where h is the width of the sliding ring, D is the diameter of the sliding ring, and b is the width of worn groove, which was measured after the tests using an optical microscope with a reading device. All the specimens for wear tests were heattreated (the techniques of heat-treatment for each specimen studied are listed in Table 2 ).
Results

Morphology and distribution of TiC particles
In order to exhibit the morphology and distribution of TiC particles introduced to the steels studied, microstructure observations were conducted on unetched specimens of the steels LC # , MC # and HC # , as shown in Fig. 1 . It can be seen that the most TiC particles had a faceted morphology and were uniformly dispersed in the steels LC # and MC # , but a slight agglomeration was observed in the steel HC # ( Fig. 1(c) ). With the increase of carbon content in the matrix steels the volume fraction of TiC particles increased while the size of them decreased. Thermal mechanical processes, including forging, rolling, and heat-treatment did not result in obvious changes of morphology and distribution of TiC particles. Fig. 1(d) is an OM micrograph taken from an unetched hot rolled specimen of the steel LC # . In comparison with Fig. 1(a) , taken from forged LC # , it can be seen that the morphology and distribution of TiC particles in both specimens were very similar.
Microstructure
The microstructure of the steels studied is shown in Fig. 2 , OM micrographs taken from tempered (after rolling) and etched specimens. The microstructural differences between the matrix steels and corresponding TiC strengthened steels can be clearly seen. The microstructure of the steel LC consisted of pearlite and small amount of ferrite (see Fig. 2(a) ), which is consistent with the Fe-C diagram. With TiC addition the volume fraction of ferrite increased and a ferrite network was observed in the tempered specimen of the steel LC # , as shown in Fig. 2 
(b). Figures 2(c) and 2(d)
show the microstructure of the matrix steel MC and its corresponding TiC strengthened steel MC # , respectively. By comparing these two figures, it can be seen that the microstructure of both steels are very similar and no obvious difference between them can be found. TiC addition into hypereutectic steel HC resulted in remarkable change in microstructure, as shown in Figs. 2(e) and 2(f), OM micrograph taken from tempered steels HC and HC # , respectively. A great amount of secondary cementite was observed in the steel HC (see Fig. 2(e) ), however, it disappeared when 5 mass% TiC was introduced (see Fig. 2(f) ).
Tensile properties
Tensile tests were performed on heat-treated specimens and the results as well as the technique of heat-treatment used for each steel studied are listed in Table 2 . For the eutectic Figure 3 illustrates the differences of the wear properties between the matrix steels and their corresponding TiC strengthened steels. It can be seen that TiC addition to the common straight steels resulted significant improvement on wear resistance. The wear volume losses of TiC strengthened steels MC # and LC # after wear test were approximately 90% lower than that of their corresponding matrix steels. For the hypereutectic steel HC, the improvement on wear resistance by TiC addition was not as notable as that for eutectic steel MC and hypoeutectic steel LC due to higher carbon concentration in the matrix. 19) and proposed that the arithmetic product of Ti and C percentages in the melt should follow Henry's Law if the morphology of TiC nucleus was spherical, i.e. (1) and (2), two curves can be obtained, as shown in Fig. 4 . The first obtained from eq. (1) illustrates the relationship of the critical concentrations of Ti and C needed for stable TiC nucleation at 1600 C and the second obtained from eq. (2) tion (1), thus, TiC nucleuses is synthesized through the reaction between titanium and carbon atoms in the melt. During the synthesis process the amount of TiC particles increases and the arithmetic product of Ti and C percentages decreases until the equilibrium between TiC and melt is reached. Microstructural observations performed on unetched specimens reveal the volume fraction of TiC particles in the steel HC # is higher than that in other steels LC # and MC # (see Fig. 1 ). This might be accounted for by the higher value of [%Ti] [%C] in the steel HC # , which results in higher nucleation rate of TiC in melt.
Wear resistance
Microstructural variation with TiC addition
From the Ti-C phase diagram, [20] [21] [22] it has been corroborated that TiC X (x 1) exists as a single homogeneous carbide phase with a wide range of stoichiometry, from x ¼ 0:47 to 0.98. Therefore the particle reinforcement produced by in situ reaction is non-stoichiometric TiC x , in which x ferritic 50um (a) value depends on the ratio of Ti/C in the preformed blocks.
In the present investigation the preformed blocks contains 50 at%Ti, 35 at%C and 15 at%Fe and the Ti/C ratio is about 1.43. As soon as preformed blocks are introduced to the melt, the reaction between Ti and C in preformed blocks occurs and TiC particles are produced in the melt. Since the Ti content in preformed blocks are much higher than that of stoichiometric TiC, there might be some excess titanium in preformed blocks dissolves in the melt, which may further react with carbon in the molten matrix resulting in reduction of carbon concentration in the matrix. This accounts for the formation of ferrite network in the steel LC # and the disappearance secondary cementite in the steel HC # .
Tensile properties and wear resistance
Both yield and tensile strength of TiC strengthened steels in the present investigation are significantly higher than that of their corresponding matrix steels, reflecting the strengthening effect of TiC dispersion.
23) The reduction of tensile strength obtained from the steel LC # compared with its matrix steel LC is due to the formation of ferrite network due to TiC addition.
The benefits in increased wear resistance are resulted from the incorporation of the hard ceramic phase TiC into steels. The mechanism responsible for the wear between matrix steels and the hard ring is different from that between the corresponding TiC strengthened steels and the same ring. The wear between the matrix steels and the hard ring in the present work is a typical kind of wear caused by metal to metal contact. As the hardness of the wheel is much higher than that of the matrix steels, deformation as well as surface fracture is easy to occur for the matrix steels (LC, MC and HC) when the loading force is applied. The rotation of wheel removes fragments from the fracture surface and forms wear scratches. For TiC strengthened steels the wear mechanism is more complex. The microhardness of TiC is as high as 3200HV, much higher than that of the matrix. Strong interfacial bonding between TiC reinforcement and steel will prevent pull out of hard particles during abrasion. 24) Under the loading force applied on the block sample of TiC strengthened steels, TiC particles are indented into the surface of the matrix more deeply than that in the ring due to the more ductile matrix facilitating to accept hard particles. When the loading is not large enough, there must be a gap between the surface of sample and ring, as illustrated in Fig. 5 . Large TiC particles have been reported to act as loadbearing elements in composites, thereby increasing the wear resistance, 25) so, TiC particles distributing uniformly on the sample surface bear most of loading force though the ring. As the wear test in the present investigation is under lubricated condition, an oil film is possibly generated in the gap, which results in the great improvement of wear condition and remarkable increase of wear resistance. Meanwhile, during the wear process, the sliding ring grooving the alloy hits a hard TiC particle, which it cannot scratch the composite easily and TiC acts as hard barriers to resist the plastic deformation of the composites.
26)
Conclusions
(1) TiC particles have been synthesized in common straight steels by in situ reaction during melting process. The distribution of TiC particles in the steels containing 0.55 mass%C and 0.8 mass%C is uniform, however, slight segregation of TiC particles occurs in the steel containing 1.4 mass%C. Thermal mechanical processing and heat treatment at different temperatures have not caused obvious morphology and size changes of TiC particles in the matrix. (2) For hypoeutectoid steel, the synthesis of TiC particles results in the formation of ferrite net work at the matrix grain boundaries and decrease of tensile strength in comparison with the corresponding matrix steel. However, the formation of TiC particles inhibits the precipitation of secondary cementite in hypereutectoid steel and increases both tensile and yield strength. (3) Under the lubricated condition, the wear resistance of hypoeutectoid and eutectoid common straight steels strengthened by TiC particles has been significantly improved in comparison with their corresponding matrix steels. Oil-bound film ring specimen Fig. 5 Schematic representation of the wear mechanism for TiC strengthened steels in the present investigation.
